Ganglion cells in an isolated wholemount preparation of the rat retina were labeled using the "DiOlistic" labeling method (Gan et al., 2000) and were classified according to their morphological properties. Tungsten particles coated with a lipophilic dye (DiI) were propelled into the wholemount retina using a gene gun. When a dye-coated particle contacted the cell membrane, the entire cell was labeled. The ganglion cells were classified into four types based on their soma size, dendritic-field size, branching pattern, and level of stratification. Broadly monostratified cells were classified into three types: RG A cells (large soma, large dendritic field); RG B cells (small-to medium-sized soma, small-to medium-sized dendritic field); and RG C cells (small-to medium-sized soma, medium-to-large dendritic field). Bistratified cells were classified as RG D . Several subtypes were identified within each ganglion cell group. A number of new subtypes were discovered and added into the existing catalog, among them were two types of bistratified cells. This study therefore represents the most complete morphological classification of rat retinal ganglion cells available to date.
Introduction
The ganglion cells of the rat retina have been classified morphologically using a variety of methods. In Golgi-stained retinal slices, Bunt (1976) found monostratified, bistratified, diffused, and giant cells. The ganglion cells were grouped into three classes in Nisslstained preparations based on soma size (Fukuda, 1977) . Perry (1979) classified Golgi-stained cells in the ganglion cell layer into four types according to soma size, dendritic-field size, and branching pattern. Using retrograde HRP labeling and neurofibrillar staining, Dreher et al. (1985) and Martin (1986) classified rat retinal ganglion cells into three classes (class I, II, & III) in agreement with Perry's type I, II, and III. Using a combination of retrograde dye labeling and intracellular Lucifer Yellow injection, Dann and Buhl (1987) characterized in detail the soma size, dendritic-field size, branching pattern, and level of stratification of ganglion cells projecting to the medial terminal nucleus (MTN). They showed that MTN-projecting cells of the rat retina were very similar in morphology to those previously identified in the rabbit retina (Buhl & Peichl, 1986) . Using intracellular Lucifer Yellow injection, the large cells were further studied and divided into alpha and delta cells (Peichl, 1989) based on their similarity to the cat and rabbit retinal ganglion cells (Boycott & Wässle, 1974; Wässle et al., 1981c; Peichl et al., 1987a, b) . Peichl (1989) also described the morphological differences between alpha cells stratifying in the inner and outer sublamina of the inner plexiform layer (IPL). Tauchi et al. (1992) confirmed Peichl's findings and quantified the differences between the inner and outer alpha cells in a Lucifer Yellow injected preparation. Using intracellular Neurobiotin injection and retrograde DiI labeling techniques, Huxlin and Goodchild (1997) present the most detailed morphological classification of rat retinal ganglion cells. They divided the ganglion cells into three groups, RG A , RG B , and RG C .
All these studies classified the ganglion cells according to their soma size and dendritic-field size. Group RG A (type I, class I) contains cells with a large soma and a large dendritic field. Group RG B (type II, class II) contains cells with a small soma and a small dendritic field. Finally, Group RG C (type III, class III) cells have a small-to-medium soma but a large dendritic field.
Most of the techniques used in previous studies to reveal the entire dendritic field of ganglion cells have certain limitations. Golgi staining is capricious in selecting cells. Neurofibrillar staining appears to stain the entire cell, but is selective for large cells, and the results of this staining are somewhat variable in the rat Peichl, 1989) . HRP retrograde labeling rarely stains the entire dendritic field Martin, 1986) . DiI retrograde labeling does label the complete dendritic field, but it usually labels too many cells in a small retinal patch even if only a tiny crystal is applied (Huxlin & Goodchild, 1997) . Intracellular Lucifer Yellow (Tauchi & Masland, 1984) or Neurobiotin (Vaney, 1991) injection has remained the most suitable method in revealing entire dendritic field of individual cells for morphological classification. However, in addition to being technically demanding, intracellular injection is inefficient (one injection at a time) and biased to large cells, as it is easier to obtain high-quality injections on large cells. Gan et al. (2000) invented the "DiOlistic" method by modifying the particle-mediated gene transfer method (gene gun) (Lo et al., 1994) . Tungsten particles coated with lipophilic dyes, such as DiI or DiO, are propelled into a brain slice, retinal slice, or wholemount retinal preparation. Once a cell membrane comes in contact with a dye-coated particle, the entire cell is labeled. Compared to previous staining methods, the "DiOlistic" approach offers a completely random way to sample neurons for morphological classification.
In the present study, we used a gene gun to propel DiI-coated tungsten particles into a wholemount rat retina, and collected images of completely stained ganglion cells. We classified these cells into four groups based on their soma size, dendritic-field size, branching pattern, and level of stratification. Our results confirmed the three classes of previously described ganglion cells, and added several new subtypes into the catalog, especially for cells with smaller soma size. Furthermore, we obtained a substantial sample of two types of bistratified ganglion cells that were rarely observed in previous studies.
Methods

Isolated retinal preparation
Adult albino Sprague-Dawley (SD) rats were anesthetized with ether, decapitated, and the eyes quickly enucleated. A slit was cut in the sclera close to the cornea. The eyes were then submerged in oxygenated Ames medium. The front part (the cornea, lens, and vitreous) of the eye was then cut away and the retina carefully isolated from the pigment epithelium. The isolated retina was incubated in oxygenated Ames solution containing 1 mg0ml 4,6-diamidino-2-phenynolindole (DAPI, Sigma D9542, St. Louis, MO), being constantly bubbled with 95% O 2 and 5% CO 2 for 1 h to stain all cells in the retina. Four slits were cut in the retina to flatten it and the labeled retina was mounted ganglion side up on a black Millipore filter (AABP02500), and incubated in the oxygenated Ames ready for gene gun labeling.
Gene gun processes
Generally, the procedure of Gan et al. (2000) was followed with slight modifications due to the usage of a different model of gene gun. Thirty milligrams of tungsten particles (Х1.7 mm in diameter, BioRad 165-2269, Waterford, UK) were spread on a clean glass slide. Three milligrams of 1,1 ' -dioctadecyl-3,3,3 ' ,3 ' -tetramethylindocarbocyanine perchlorate (DiI, Molecular Probes N-22880, Eugene, OR) was dissolved in 100 ml of methylene chloride and applied over the tungsten particles on the glass slide. Methylene chloride quickly evaporated and the tungsten particles were coated with DiI. The dye-coated tungsten particles were scraped off with a surgical blade, sonicated in 20 ml of distilled water for 1-2 min and vortexed, to separate the particles and distribute them evenly in distilled water, and then applied on 100 carriers (200 ml0 carrier) (BioRad 165-2335) . The carriers containing dye-coated particles were used after the water evaporated. A BioRad PDS10000He Biolistic particle delivery system (gene gun) was used to propel the dye-coated tungsten particles into the wholemount retina. The He pressure was set at 1100 psi by the rupture disc (BioRad 165-2329) .
The retina on the filter was put on a clean glass slide, and excess Ames was drained as much as possible. The glass slide was put on the platform in the chamber of the gene gun, 9 cm away from the carrier. Two layers of 30-mm nylon meshes were inserted between the carrier and the preparation to block large chunks of tungsten particles that were not completely separated. The particles were delivered when a vacuum level of 25 inch Hg was reached. The preparation was quickly resubmerged in the Ames' solution, evaluated with a Leica microscope equipped with an HCX APO 20ϫ (N.A. 0.50) water immersion objective. The preparation was then fixed with 4% paraformaldehyde in 0.1 M phosphate buffer (PB) (pH, 7.4) for 60 min, washed three times with 0.1 M PB (pH, 7.4), then mounted on a slide with 50% glycerol and sealed with nail polish.
Analysis of morphological parameters
Images of ganglion cells were collected using a Leica DMRA microscope equipped with a Spot cooled CCD camera (Diagnostic Instruments, Inc., Sterling Heights, MI). Most images were collected with a Leica PL APO 40ϫ (N.A. 0.75) objective; for large cells, a Leica HC PLAN APO 20ϫ (N.A. 0.7) objective was used to show the entire dendritic field. In a few cases, images were collected using a Leica SP2 confocal microscope. The contrast of all images was reversed using Adobe Photoshop. The distance of the cell to the center of the optic nerve head was measured and taken as the cell's eccentricity. The DAPI-labeled somas were used to estimate the dendritic stratification of ganglion cells in the inner plexiform layer (IPL). The level of stratification was defined as 0-100% from the border of the inner nuclear layer to border of the ganglion cell layer and measured by the z-axis reading on the Leica DMRA microscope.
To quantify soma size, a circle was fit to the soma and its area was calculated using a graphic program MetaMorph (Universal Imaging, West Chester, PA). For dendritic-field size, a convex polygon was drawn by linking the tips of dendrites, and the area calculated. The area was converted back to diameter by assuming a circular dendritic field. The brightness and contrast were adjusted using Adobe Photoshop to give a better illustration of the dendritic field.
A modified Sholl (1953) method was used to quantify the complexity of the dendritic field. Ten concentric circles of equal separation were fit from the center of the soma to the farthest tip of the dendritic field (Fig. 4A ). The points of crossing between dendrites and each circle were counted in a selected quadrant because the soma is often displaced to one side of the dendritic field. For some small cells, the first circle fell inside the soma area, so crossing points were counted starting from the second circle.
The drawings were made digitally on an overlay of soma and dendrites by filling dendrites of the ganglion cells using Adobe Photoshop.
Results
Using the "DiOlistic" method, all cells in the ganglion cell layer, both ganglion cells and displaced amacrine cells, are labeled when they are contacted by the tungsten particles. Ganglion cells are identified by the unequivocal presence of an axon.
Four hundred and twenty nine ganglion cells from 47 retinas were imaged and analyzed. Generally, we adopted the lines of 484 W. Sun, N. Li, and S. He classification of Huxlin and Goodchild (1997) to avoid confusion in terminology. We classified cells with a large soma and a large dendritic field as RG A , cells with a small-to medium-sized soma and a small-to medium-sized dendritic field as RG B , and cells with a small-to medium-sized soma but a medium-to-large dendritic field RG C . Each group was further divided into several subtypes. Fig. 1 shows a summary of all cell types and subtypes. When dendritic-field size was plotted as a function of soma size in Fig. 2 Table 1 . When soma size and dendritic-field area were plotted against eccentricity (measured as distance from the optic disk), there is no observable relationship in soma size and dendritic-field area with the increasing eccentricity (data not shown).
Group RG A
Seventy five RG A cells were identified. RG A cells had an average soma diameter of 23.4 mm, an average dendritic-field diameter of 300.0 mm, and a radial pattern of branching. They are similar to Perry's type I cells (Perry, 1979) . They were subdivided into RG A1 and RG A2 on the basis of their dendritic branching pattern. RG A1 cells had a polygonal cell body and 3-5 large primary dendrites.
The distance between branching points is relatively even and distant from the soma, resulting in few number of dendrites around the soma (Fig. 3A) . RG A1 cells only ramify in the inner part of the IPL, 79 6 7% (Table 1) . They are identical to the inner alpha cells studied by Peichl (1989) and Tauchi et al. (1992) . RG A2 cells had a round soma and 4-7 primary dendrites that branch repeatedly proximal to the soma. In contrast to the RG A1 cells, RG A2 cells have many more dendrites surrounding the soma (Fig. 3B ). As Huxlin and Goodchild (1997) , we identified two groups of RG A2 cells with dendrites stratifying in the inner (78 6 7%) and outer (35 6 14%) IPL (Table 1) . They are morphologically similar to the outer alpha cells of Peichl (1989) and Tauchi et al. (1992) . We quantitatively analyzed the difference between RG A1 and RG A2 cells by fitting ten concentric, equidistant circles centered on the soma and counting the number of dendrites intersecting each circle (Fig. 4A ). Fig. 4B shows a histogram of dendritic crossing points with each circle. Significantly more crossing points for RG A2 cells were observed at circles close to the soma (circles 2-6, P Ͻ 0.01, t-test). Since the soma is often displaced to one side of the dendritic field, we normalize this by counting crossing points in a selected quadrant. Since both Peichl (1989) and Tauchi et al. (1992) found the morphological equivalents of our RG A2 cells stratifying in the outer IPL but not in the inner IPL, we further examined the differences in dendritic distribution between inner and outer RG A2 cells and between RG A1 and the inner RG A2 cells. No statistical difference~P Ͼ 0.05, t-test) was observed between the dendritic distribution of inner and outer RG A2 cells, with the exception of one outer circle (Fig. 4C , circle 8, P Ͻ 0.05, T-test). The difference in dendritic distribution between RG A1 and the inner RG A2 cells was statistically significant (Fig. 4D ), reflecting differences previously observed between RG A1 and total RG A2 cells.
Group RG B
One hundred and twenty five cells were classified as RG B (Table 1) . RG B cells had an average soma diameter of 15.4 mm and an average dendritic-field diameter of 160.0 mm. They were sub- (Fig. 5A ). They ramified in the outer IPL close to the middle (41 6 12%). RG B2 cells had a very small but very dense dendritic field (Fig. 5B) , featuring numerous tiny branches bearing spines. They ramified almost in the middle of the IPL (52 6 8%). RG B3 cells had curvy, recursive dendrites, forming a relatively sparse dendritic field (Fig. 5C ). Two populations of RG B3 cells were identified, stratifying in the inner IPL (81 6 5%) and outer IPL (41 6 14%), respectively. RG B4 cells possessed a branching pattern similar to that of RG B3 cells but their dendrites exhibited a lot of small protrusions and spines (Fig. 5D) . RG B4 cells ramified in the outer part of the IPL (36 6 16%). We confirmed the three groups of RG B ganglion cells identified by Huxlin and Goodchild (1997) with a larger sample size. We identified an outer stratifying RG B3 , and established RG B4 that had a single representation in Huxlin and Goodchild (1997, their Fig. 8D ) as a distinct subtype (Table 1) .
Group RG C
One hundred and fifty one cells were classified as RG C cells (Table 1) . They had an average soma diameter of 15.8 mm and an 
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average dendritic-field diameter of 245.6 mm. The RG C1 cells exhibited smooth, small caliber, recursive dendrites extending from large primary ones. Dendritic field was of medium density (Fig. 6A) . The RG C1 stratified mostly in the inner IPL (74 6 10%). Their morphology is very similar to the MTN-projecting cells characterized by Dann and Buhl (1987) . The RG C2 cells had a similar morphology to RG C1 cells but with curvier dendrites and a denser dendritic field (Fig. 6B) . Two groups of RG C2 cells ramified in the inner IPL (78 6 9%) and outer IPL (46 6 13%), respectively. Their morphology is very similar to the delta cells identified by Peichl (1989) . The RG C3 cells had a very large and very sparse dendritic field (Fig. 6C) , and ramified in the inner IPL (77 6 10%). This group of cells is qualitatively similar to the RG C cell of Huxlin and Goodchild (1997) (their Fig. 11B ). The RG C4 cells had a relatively dense dendritic field, curvy and spiny dendrites sometimes bearing varicosities, and a relatively dense dendritic field (Fig. 6D) . Two groups ramified in the inner IPL (80 6 7%) and outer IPL (49 6 12%), respectively.
Group RG D
One significant contribution of this study is a large sample of bistratified RG D cells~n ϭ 77). RG D1 cells had extremely thin, curvy, and recursive dendrites (Figs. 7A & 7B) . The dendrites were distinctly bistratified, at depths of 62 6 12% and 38 6 17%, respectively. RG D2 cells presented a medium-density field composed of recursive and loop-forming dendrites, and stratified in the IPL at depths of 64 6 9% and 38 6 12% (Figs. 7C & 7D) . They were very similar in morphology to rabbit direction-selective ganglion cells (Amthor et al., 1984 (Amthor et al., , 1989 .
Discussion
Gan et al. (2000) modified the particle-mediated gene transfer method by coating lipophilic dyes on the particles and propelling the particles into biological preparations. The dye diffuses into the membrane that the particle contacts and labels the entire cell. We As for the random nature of the sampling method, the probability of a cell type being stained is proportional to the total cross-sectional area of somas of the population. Since the dyecoated particles mostly stopped in the ganglion cell layer, the cross-sectional area of dendritic field seemed to be irrelevant. Another potential problem with this technique is that there is no precise control over how much dye one can coat on each particle. Although we tried to use a larger than necessary amount of dye to achieve a uniform coating, some particles may still have little dye coated on them. In this case, some cells may be understained.
Comparison with previous studies
Our RG A1 cells are morphologically equivalent to Perry's (1979) type I cells, Dreher et al. (1985) and Martin's (1986) class I cells, and the inner alpha cells of Peichl (1989) and Tauchi et al. (1992) . As suggested by other investigators, they might correspond to Bunt's (1976) giant cells. Our RG A2 cells are represented in Perry's (1979) type I cells, and as Peichl's (1989) and Tauchi et al.'s (1992) outer alpha cells. As did Huxlin and Goodchild (1997) , we identified two populations of RG A2 cells, stratifying in the IPL at 78 6 7% and 35 6 14%, respectively. We present quantitative evidence to show that, proximal to the soma, RG A1 cells have a less dense dendritic field than RG A2 cells (Fig. 4) . Our method of fitting a set number of concentric, equidistant circles is superior to fitting circles of preset separation to the dendritic field (Sholl, 1953; Tauchi et al., 1992) , because the latter is subject to the size of the dendritic field. Statistical analysis supports the classification of RG A1 , inner and outer RG A2 .
We confirmed almost every type of RG B cells identified by Huxlin and Goodchild (1997) with a significantly larger sample size. We substantiated the RG B4 subtype~n ϭ 32) which had been previously defined on the basis of a single cell (Fig. 8D of Huxlin & Goodchild, 1997) . We also identified a population of RG B3 stratifying in the outer IPL. Certain subtypes in the Group RG B are also seen as type II (Perry, 1979) , or class II Martin, 1986) . Our RG C1 and RG C2 cells are qualitatively similar to the corresponding groups of Huxlin and Goodchild (1997) . The RG C1 cells are very similar in morphology to the MTN-projecting cells studied in detail by Dann and Buhl (1987) . In contrast to Dann and Buhl (1987) , we found RG C1 cells are largely monostratified in the inner IPL. This may reflect a difference between pigmented and albino species. We have identified two new subtypes here in the group RG C : the RG C3 cells, exhibiting large, very sparsely branching dendrites, and the RG C4 cells presenting dense, spiny, loopy and varicosity-bearing dendrites. Bunt (1976) observed bistratified cells in Golgi-stained rat retinal sections. We identified two subtypes of bistratified cells in this study, and classified them as RG D cells. RG D1 cells have never been described in a wholemount preparation. They have very thin, curvy, and spiny dendrites forming a medium-density dendritic field. A single cell observed by Huxlin and Goodchild (1997) (their Fig. 11A ) is similar in morphology to our RG D2 cells. We collected a sample of 66 RG D2 cells in this study.
There is a clear absence of extremely large RG A1 cells in our sample, cells of over 700 mm in dendritic-field diameter. There are three possible reasons for this absence. Firstly, these large RG A1 cells are only located in the extreme periphery of the retina (Peichl, 1989; Tauchi et al., 1992) . They were not included in this study because their dendritic fields exceeded the boundary of the preparation. Secondly, the larger the dendritic field, the more likely it is for other dye-coated particles to label other cells within it, interfering with the identification of dendrites. Cells whose dendrites could not be unambiguously identified were not included in this study either. Thirdly, it is possible that larger cells are only faintly labeled because of limited amount of the dye coated on each tungsten particle. However, Gan et al. (2000) showed clearly labeled cells with a soma diameter of over 30 mm and dendritic field of a few hundred micrometers (their Fig. 2K ).
Interspecies comparison and functional implications
The following section discusses the possible functions of the rat retinal ganglion cells. Many types of ganglion cells we identify here in the rat retina have morphological counterparts in other species, and some of these have been studied physiologically. It is reasonable to assume that ganglion cells almost identical in morphology and stratification level in different species may perform the same function.
One of the best characterized retinal ganglion cell type is the alpha cell (see review, Levick, 1996) . Its physiology (Cleland 
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W. Sun, N. Li, and S. He et al., 1975; Wässle et al., 1975; Peichl & Wässle, 1983) , the morphology, territories (Boycott & Wässle, 1974; Wässle et al. 1981b, c; , Peichl et al., 1987b , and projection (Leventhal et al., 1985; Pu et al., 1994) have been studied extensively in the cat retina. The alpha cells are conserved throughout mammalian species (Peichl et al., 1987a) . The morphology of the alpha cells was also studied in detail in rabbit (Amthor et al., 1983; Peichl et al., 1987b) and in rat (Peichl, 1989; Tauchi et al., 1992) . In this study, we confirmed the finding of Huxlin and Goodchild (1997) (Pu & Amthor, 1990) . Conceivably they might be functionally equivalent to cat beta cells (Wässle et al., 1981a) underlying high-resolution vision. Our RG B2 cells are also similar in morphology to the zeta cells in the cat retina (Berson et al., 1998) , but the physiology of this type of cell is still not clear. It is possible that, in the cat retina, there is more than one type of ganglion cell underlying high-resolution vision, whereas in the rat retina there is only one.
Another well-characterized ganglion cell type is the ON direction-selective (DS) cell, first described physiologically by Barlow et al. (1964) . Amthor et al. (1989) showed the morphology of this type of cell by successfully injecting HRP into one cell after physiological recording. The morphology of the ON DS cell is very similar to that of the cells projecting to the MTN (Buhl & Peichl, 1986) , but not projecting to the superior colliculus (Vaney et al., 1981) . He and Masland (1998) confirmed the morphology of the ON DS cells with a much larger sample. The rat RG C1 cells are morphologically similar to rabbit MTN-projecting cells (Buhl & Peichl, 1986) , and may therefore represent the ON DS cells. It has been shown in rabbits that the response characteristics of the ON DS cells matched the optokinetic nystagmus (Oyster et al., 1972) . The implication is that the ON DS cells play an important role in controlling eye movement. We have identified two new subtypes in group RG C . The RG C3 cells have large, very sparsely branching dendritic field, similar to the cell shown in Fig. 11B of Huxlin and Goodchild (1997) and the cat epsilon cells (Leventhal et al., 1980) . The RG C4 cells have dense, spiny, loopy, and varicosity-bearing dendrites. This type of cell is morphologically similar to the eta cells in the cat retina (Berson et al., 1999) , but has never been described in the rat retina.
Our RG D2 cells are strikingly similar in morphology to the rabbit ON-OFF direction-selective (DS) cells, first described physiologically by Barlow and Hill (1963) and elegantly studied physiologically by Barlow and Levick (1965) . The unique morphology of this cell was revealed by intracellular HRP injection after physiological recording (Amthor et al., 1984 (Amthor et al., , 1989 . It is reasonable to assume that our RG D2 cells would also have a directional response. In the rabbit retina, the dendrites of the ON-OFF DS cells have been shown to extensively cofasciculate with the starburst processes (Vaney et al., 1989; Vaney & Pow, 2000) . In addition, it has been demonstrated that the dendrites of the ON-OFF DS cells contain GABA A receptors (Taylor et al., 2000) . However, the levels of stratification of our RG D2 cells (36% and 64%) are slightly shallower than the cholinergic bands (25% and 55%, Voigt, 1986) and costratified GABA A receptors (Brandstatter et al., 1995) shown in rat retinal sections. The discrepancy could be due to the difference in species or a slight inaccuracy in our estimation, because we estimated the level of stratification on the wholemount preparation using DAPI-labeled cell bodies as landmark. Berson et al. (2002) recently reported a class of light-sensing, melanopsin-containing (Hattar et al., 2002) ganglion cells. These cells project to the superior chiasmatic nucleus (Gooley et al., 2001) suggesting that they are involved in regulation of circadian rhythms. In the present study, we did not find a morphological counterpart of these cells in our sample. However, the population of melanopsin-containing cells is small, (about 2000 per retina, Hattar et al., 2002) as is their soma size (about 14.7 mm in diameter, Berson et al., 2002) , reducing the possibility of their being labeled. It is possible that a few of these cells were labeled and classified into the RG C3 group.
The morphologies of rat retinal ganglion cells are almost identical to those described in the mouse retina (Sun et al., 2002) . The only difference is that there are two more subtypes in RG C ganglion cells in the mouse retina.
Concluding remarks
A large and randomly sampled population of rat retinal ganglion cells was obtained using the "DiOlistic" method. We confirmed every cell type described in the literature, and expanded the current catalog by adding a few new subtypes. We described for the first time two types of bistratified cells, one of which is very similar in morphology to the rabbit ON-OFF DS cells. This study therefore represents the most complete morphological classification of rat retinal ganglion cells based on a large, randomly sampled, and well-stained population to date.
